Both nitrogen atoms bear a proton. The hydrate water molecule within the compound is statistically disordered on a site besides a crystallographic mirror plane at room temperature. DSC measurements indicate a phase transition at about À10
Introduction
1,4-Diazabicyclo[2.2.2]octane (DABCO) is used in various applications. Two important ones are the use as a scavenger of acids in elimination reactions and as a catalyst in organic synthesis, respectively [1] . Twofold protonation of DABCO is only achieved with strong acids, because of the low pK a value of the di-cationic DABCOH 2þ 2 of 2.97 [2] which makes it more acidic than formic acid (pK a ¼ 3.752) or hydrofluoric acid (pK a ¼ 3.189) [3, 4] . The title compound 1,4-diazoniabicyclo[2.2.2]octane diiodide monohydrate (1) was obtained by using an excess of HI to achieve full twofold protonation. DABCO dihydrochloride and DABCO dihydrochloride dihydrate are described in Refs. [5, 6] . They both can be obtained by solving DABCO in diluted hydrochloric acid. A methanol solvate of DABCO dihydroiodide has been synthesized in a high pressure transformation of DABCO hydroiodide in methanol [7] . DABCO hydroiodide monohydrate has recently been observed in high pressure experiments on DABCO hydroiodide. Two polymorphs depending on the applied pressure are reported [8] . In all of these compounds the ammonium N--H groups of the DABCO cations are forming hydrogen bonds with different acceptor atoms or molecules present in the crystalline compound. In the water free dihydrochloride all chloride anions act as hydrogen bond acceptors. A chain structure is formed by hydrogen bonds in DABCO dihydrochloride dihydrate. The cation forms one hydrogen bond to a chloride ion and one to a hydrate water molecule. The water molecules donate further hydrogen bonds to chloride ions thus forming the chain structure. Contrary, the cations form hydrogen bonds exclusively towards the oxygen atoms of the solvate molecules in the methanol solvate. The methanol molecules donate further hydrogen bonds to the iodide ions or to neighbouring solvate molecules. The ammonium N--H groups of the cation are donating hydrogen bonds to an iodide anion and to a disordered hydrate water molecule in 1 similar to DABCO dihydrochloride dihydrate. Herein, we report on the crystal structure of 1,4-diazoniabicyclo[2.2.2]octane diiodide monohydrate at room temperature and the formation of an ordered hydrogen network upon cooling. A phase transition at about À10 C is driven by hydrogen bonds and results in a well ordered structure.
Experimental
2 g (17.8 mmol) 1,4-diazabicyclo[2.2.2]octane (Sigma-Aldrich, 98%) were dissolved in water and 7 mL (ca. 56 mmol, ca. 3 eq.) of concentrated hydroiodic acid (Merck, 57% extra pure) were added slowly. The solution was filtered off immediately to remove impurities of crystalline iodine and dried in a vacuum yielding 6.56 g (17 mmol, 96%) of a colourless product of rod-like crys-tals. An identical product was obtained when the reaction was performed in organic solvents such as acetone or acetonitrile instead of water, see Fig. 1 . Crystals suitable for single crystal X-ray diffraction were mounted on and glued to a glass fibre. Diffraction data were collected on a STOE IPDS I at room temperature, see Table 1 for details. Data were corrected for Lorentz and polarization effects, and absorption was corrected numerically after a semiempiric optimization of the crystal shape with the X-SHAPE routine [9] . The structure was solved by direct methods using SIR92 [10] followed by a full-matrix least-squares refinement with SHELXL97 [11] . Hydrogen atoms of the ethylene groups and at nitrogen were attached to the heavier atoms with a riding model for the room temperature data set (HFIX 23 for ethylene groups, HFIX 13 for nitrogen atoms). Further details of the measurement and refinement are collected in Table 1 . The phase purity of the initial reaction product was checked by X-ray powder diffraction on a STOE STADI P, CuK a1 (l ¼ 1.54056 Å ) with a position sensitive detector and transmission setup. Raman-and IR-spectra were recorded on a Varian FT Raman module coupled on a Varian FTS 7000e spectrometer equipped with a Nd : YAG laser (excitation wavelength l ¼ 1064 nm) and a liquid nitrogen cooled germanium detector with a resolution of 1 cm
À1
. The spectra were processed with the Varian Resolution Pro Software [12] . DSC measurements were performed with a heating/cooling rate 570 S. Maderlehner and A. Pfitzner of 10 C min À1 on a Mettler Toledo DSC 30 to check for low temperature phase transitions. A low temperature single crystal X-ray diffraction experiment was performed on an Xcalibur Ruby Gemini Ultra at 123 K with an incremental scanning mode. Data were corrected for Lorentz and polarization effects and a multi-scan absorption correction was performed [13] . The structure was solved by direct methods using SIR92 [10] followed by a full-matrix least-squares refinement with SHELXL97 [11] . Hydrogen atom positions could be located from difference Fourier calculations and were refined without constraints but fixed U iso ¼ 0.025 Å 2 , see Table 5 . The Flack-parameters for both data sets are equal 0 within the tolerance. Further details of the measurement and refinement are collected in Table 1 .
Results and discussion 1 crystallizes acentric in the orthorhombic space group Cmc2 1 . Atomic coordinates and hydrogen bond lengths are collected in Tables 2 and 3 , respectively. The DABCO dications take an eclipsed conformation with C S -symmetry. However, especially C3 shows a pronounced elongation perpendicular to the mirror plane which might be regarded as a hint for dynamic behaviour. The ammonium N--H groups and one ethylene group are located on the mirror plane, Wyckoff position 4a. The two ammonium protons of the dication are pointing towards one iodide ion (N1, H1, I2) and towards a disordered oxygen site (N2, H2), respectively, which are able to act as hydrogen bond acceptors, see Figs. 2 and 3. The oxygen atom of the hydrate water molecule is statistically disordered on an 8b Wyckoff position at a distance of 1.95 Å from the H2 ammonium proton and 1.21 Å apart from a symmetry generated position. The distance between the ammonium proton and the hydrogen bonded iodide ion is 2.65 Å . The angles between the ammonium N--H group and the hydrogen bond acceptor are 148 for the water molecule and 150 for the iodide, see Table 3 (12) 74 (4) a: U eq is defined as one third of the trace of the orthogonalized U ij tensor; b: The oxygen site is occupied only by 50% Table 3 . Hydrogen bond lengths/C--H Á Á Á I contacts and angles in 1 at 293 K and at 123 K. 2.94 up to 3.13 Å . The N--H Á Á Á I distances observed in 1 are 0.26 Å shorter than those in the b-polymorph and 0.65 Å shorter than those in the a-polymorph. A number of short N--H Á Á Á N hydrogen bonds can be observed in both polymorphs [8] . That type of interaction is observed very often within salts containing mono-protonated DABCO [14] . Two structures of DABCO dihydrochloride have also been described in literature. A DABCO di(hydrochloride) monohydrate however has not yet been observed. The dihydrochloride is known both as a dihydrate [6] and a water free compound [5] . In both compounds the ammonium N--H bonds are pointing towards a hydrogen bond acceptor. In the water free compound two chloride ions form the hydrogen bonds with H Á Á Á Cl distances and N--H Á Á Á Cl angles of 2.19 Å /151 and 2.14 Å /174 [5] . In the dihydrate one chloride ion and one oxygen atom of a water molecule act as hydrogen bond acceptors for the ammonium N--H groups with an O Á Á Á H distance and an N--H Á Á Á O angle of 1.77 Å and 168
and a H Á Á Á Cl distance and an N--H Á Á Á Cl angle of 2.16 Å and 156 [6] . In both chlorides the ammonium N--H bonds are pointing more directly towards an acceptor with angles between the bond and the acceptor closer to 180 than in 1, see Table 3 . In 1 numerous contacts are found mainly between the ethylene groups of the DABCO cations and the iodide ions. The iodide ion which is forming the short hydrogen bond to the ammonium proton is surrounded by several hydrogen atoms in a range from 3.42 to 4.00 Å . The second iodide ion is forming two contacts with ammonium protons with H Á Á Á I distances of 3.37 Å and 3.54 Å and several contacts to the ethylene hydrogen atoms in a range from 3.10 to 3.42 Å . However, these contacts and their contribution to hydrogen bonding cannot be quantified at the present state.
A DSC measurement was performed to check for phase transitions of 1 because an ordering of the hydrate water molecule is to be expected at low temperatures. The graph showed clear peaks for cooling and heating and confirmed a reversible phase transition at about À8 C, see Fig. 4 . A single crystal diffraction experiment showed that the low temperature modification crystallizes acentric in space group Pca2 1 . A klassengleiche phase transition occurs upon cooling:
This transition causes the loss of the C-centring. The DABCO molecule loses its C S -symmetry with the carbon atoms C1 and C2 on the Wyckoff positions 8b and takes a slightly staggered conformation with N--C--C--N dihedral angles from 7 to 10.5
, six crystallographic independent carbon atom sites and distorted D 3 -symmetry. In the lowtemperature phase all atoms occupy the Wyckoff position 4a. The hydrate water molecule is fully ordered on one site and even the positions of all hydrogen atoms can be refined without any restraints and fixed U iso ¼ 0.025 Å Table 3 . Unfortunately the hydrogen bond lengths cannot be compared directly, because the hydrogen atoms of the water molecule could not be located at 293 K.
The IR-spectrum of 1 is displayed in Fig. 7 . It shows two peaks at 3403 and 3354 cm À1 for the O--H stretching modes. The stretching modes are red-shifted as compared to the free water molecule in the gas phase of 3756 (n sym ) and 3657 cm À1 (n asym ). It is known that this shift is caused by the formation of hydrogen bonds and depends strongly on the type of the hydrogen bond acceptor atom or molecule. The energy range of the O--H stretching modes is 3600 to 3000 cm À1 in solid hydrates. The iodide ions in 1 are good acceptors for the hydrogen bonds of the hydrate water molecule. This explains the significant red-shift of the vibrational frequencies. Since the water molecule in 1 is also a hydrogen bond acceptor via the oxygen lone pair the acidity of the water protons is increased, which strengthens the hydrogen bonds to the iodide ions [15] . Table 3 displays only the shortest C--H Á Á Á I contacts. Numerous other contacts can be observed with longer H Á Á Á I distances of 3.09 up to 3.25 Å , which are all pointing towards the atom I1. The shortest C--H Á Á Á I2 hydrogen contact is 3.27 Å . The atom I2 is exclusively coordinated by short hydrogen bonds of the ammonium N--H group and the water molecule which might be sufficient to stabilize the negative charge. (4) 8489 (3) 21 (1) a: U eq is defined as one third of the trace of the orthogonalized U ij tensor 
